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Abstract  
Modified montmorillonite was prepared at different surfactant (HDTMA) loadings through 
ion exchange. The conformational arrangement of the loaded surfactants within the interlayer 
space of MMT was obtained by computational modelling. The conformational change of 
surfactant molecules enhance the visual understanding of the results obtained from 
characterization methods such as XRD and surface analysis of the organoclays. Batch 
experiments were carried out for the adsorption of p-chlorophenol (PCP) and different 
conditions (pH and temperature) were used in order to determine the optimum sorption. For 
comparison purpose, the experiments were repeated under the same conditions for p-
nitrophenol (PNP). Langmuir and Freundlich equations were applied to the adsorption 
isotherm of PCP and PNP. The Freundlich isotherm model was found to be the best fit for 
both of the phenolic compounds. This involved multilayer adsorptions in the adsorption 
process. In particular, the binding affinity value of PNP was higher than that of PCP and this 
attributable to their hydrophobicities. The adsorption of the phenolic compounds by 
organoclays intercalated with highly loaded surfactants was markedly improved possibly due 
to the fact that the intercalated surfactant molecules within the interlayer space contribute to 
the partition phases, which result in greater adsorption of the organic pollutants.  
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1. Introduction  
The world is facing formidable challenges in the remediation of toxic contaminants from 
industrial effluents [1-4].  In particular, phenolic compounds are one of the main pollutants 
found in the water as a result of industrial discharges. Since they are harmful to living 
organisms even at low concentrations, they are considered as the priority pollutants [5]. There 
has been increasing interest in the development of innovative and promising adsorbent 
materials that will resolve the problem of industrial wastewater pollution [6-9]. Of the 
materials that are available, natural clays such as montmorillonite are extensively used as 
adsorbents due to their high cation exchange capacity (CEC), swelling properties, and high 
surface areas [10]. Montmorillonite (MMT) is a 2:1 type clay mineral which possesses two 
silica-oxygen tetrahedral sheets with a central alumina octahedral sheet (TOT layer). The 
isomorphic substitution within the layers (i.e. Al3+ replaced by Mg2+ or Fe2+ in the octahedral 
sheet, Si4+ replaced by Al3+ in the tetrahedral sheets) causes the surface of the clay layer to be 
charged negatively, which is counterbalanced by exchangeable cations (e.g. Na+ or Ca2+) in 
the interlayer space. Because of the hydration of inorganic cations the clay surface is 
hydrophilic. This makes clay minerals to be ineffective adsorbents for the removal of organic 
compounds [11, 12]. In recent years, more attention has been drawn to the development of 
modified clays such as organoclays to improve adsorption capacities of clays. By replacing of 
inorganic cations with organic ones such as quaternary ammonium cations (QACs) in the 
interlayer space, hydrophilic clays are converted to hydrophobic organoclays [13-17]. This is 
a key strategic step in the improvement of the adsorption capacity for the removal of organic 
pollutants.  
Many studies have reported that organoclays are widely used in various industrial areas, 
particularly, as adsorbents for organic pollutants and airborne organic contaminants [18-21]. 
From previous studies [22, 23], different sorption mechanisms are demonstrated and they are 
highly associated with the molecular structure of organic pollutants and QACs in the 
modified clays. The adsorption behaviour of organoclays prepared by different types of 
surfactant (small or large organic cations) creates different adsorption mechanisms and it 
affects significantly the adsorption capacity of organoclays [24, 25]. Not only the size of 
alkyl chain length but also the charge density of the clay layer is incorporated in the 
adsorption capacity of organoclays. This means that the charge density of the clay layer is 
responsible for the arrangement of intercalated organic cations within the interlayer of clay 
which controls the adsorption capacity of organoclays. To the best of our knowledge, only 
3 
 
few studies have attempted to describe the arrangement of surfactants in the interlayer space 
of clay [25-27].  
In the current study, a new computation modelling calculation is introduced to demonstrate 
more detailed description of surfactant arrangement. The developed model will provide a 
better understanding of the relationship between surfactant arrangement and the adsorption 
behaviour of the organoclays. It will also support adsorption mechanisms for the uptake of 
organic pollutants from an aqueous solution. To examine adsorption capacities, p-
chlorophenol (PCP) was chosen as the selected sorption test molecule and adsorption of PCP 
under different environmental factors such as variation of pH and temperature were 
investigated. The obtained results were compared with the one from the adsorption of p-
nitrophenol (PNP) which was conducted under the similar experimental conditions.  
Although Zhou et al.[28] previously reported some adsorption studies of PNP by organo-
montmorillonite, the current study led to some different outcomes which will be further 
discussed in the paper.  
 
2. Materials and Methods 
 
2.1 Materials 
The pure MMT was purchased from Sigma-Aldrich as source clay Na-montmorillonite and 
was used without further purification. Its cation exchange capacity (CEC) is 76.4 meq/100g 
(according to the specification of the product). The surfactant used in this study for the 
preparation of organoclays was hexadecyltrimethylammonium bromide (denoted as HDTMA, 
C19H42NBr, FW: 364.46) obtained from Sigma-Aldrich and it was used without further 
purification.  
 
2.2 Preparation of organoclays 
The modification of MMT for the preparation of organoclays was performed as follows: 4 g 
of MMT was initially dispersed in 400 mL of deionised water with a Heidolph magnetic 
stirrer for about 30 min. A stoichiometric amount of the surfactant dispersed in 100 mL of 
deionised water was stirred for 30 min. The dissolved surfactant was slowly added to the clay 
suspension at room temperature (about 28 – 30 ºC). The CEC of the MMT was 76.4 
meq/100g, which represents the potential loading of the clay with the cationic surfactant. For 
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instance, 1.0 CEC correlates with the addition of 76.4 meq of cation per 100 g of MMT 
intercalated into the MMT. During the synthesis, a range of surfactant loadings which would 
correlate with CEC values from 0.5 to 2.0 CEC was prepared and labelled as 0.5 CEC-S, 1.0 
CEC-S, 1.5 CEC-S and 2.0 CEC-S. The mixtures were stirred for 3 h at room temperature 
using a Heidolph magnetic stirrer. All organoclays were washed free of bromide anions (as 
determined by AgNO3), filtered by vacuum, dried at room temperature and dried further in an 
oven (at 65 ºC) for 12 h. The dried organoclays were ground in an agate mortar and stored in 
a vacuum desiccator for a week.   
 
2.3 Characterization methods 
The prepared organoclays were characterised by X-ray diffraction (XRD), surface area 
measurement (BET), Fourier transform infrared spectroscopy (FT-IR), and X-ray 
photoelectron spectroscopy (XPS). XRD for obtaining basal spacing d(001) values was 
operated and the method was described in the paper by Park et al. [29]. The BET specific 
surface area, pore structure parameters were characterised from N2 adsorption-desorption 
isotherms using a Micromeritics Tristar 3000 instrument. The MMT and organoclays were 
pre-heated at 90 ºC under N2 over night on a Micrometrics Flowprep 060 degasser. A Nicolet 
Nexus 870 FT-IR spectrometer with a smart endurance single bounce diamond ATR cell was 
applied to collect FT-IR spectra over the spectral range of 550 – 4000 cm-1 with a total of 64 
scans and a resolution of 4 cm-1. With the GRAMS (Galactic Industries Corporation, Salem, 
NH, USA) and the Jandel ‘Peakfit’ software package, baseline adjustment and band fitting 
(R2 > 0.99) for the infrared spectra was performed. To obtain XPS spectra, dried samples of 
MMT and the organoclays were applied to the double sided adhesive tape on a standard 
sample bar which was attached to the sample rod of the Load Lock system for initial 
evacuation to 10-6 torr. The sample bar was transferred to the UHV sample analysis chamber 
(SAC) from a Kratos AXIS Ultra equipped with a monochromatic Al X-ray source at 225 W. 
A survey scan was undertaken for each analysis from 0 to 1200 eV with a dwell time of 100 
ms, pass energy of 160 eV at step of 1eV with one sweep. High resolution analyses were run 
at 40 eV at intervals of 50 meV.   
 
2.4 Molecular mechanical calculations 
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The conformational analysis of MMT intercalated with HDTMA complexes was performed 
by molecular mechanical calculations using the MMFF parameter set of the Spartan 02’ 
program (Wavefunction Inc., USA). The structure of organoclays was built up with 1024 + 
2×62 atoms, taking into consideration the characteristics of the model and the required 
computational time. The geometry of the organoclays and the corresponding energy levels 
were determined by changing the basal spacing between 13 and 24 Ǻ with equal steps of 1 Ǻ. 
The position of HDTMA in the interlamellar gallery was investigated at 0.5, 1.0 and 2.0 CEC 
separately. The basal spacing was set and maintained at the experimental value obtained by 
XRD during geometry optimisation. With the molecular mechanical (MM) methods the 
conformational analysis of the reagents in the interlamellar space was made. Despite the 
obvious uncertainties concerning the energy levels, the comparison of the different structure 
is feasible since these uncertainties are the same for each configuration. The Lennard-Jones 
type energy profile is very useful for understanding the changes in system energy as a 
function of the interlayer distance. The quantitative determination of the energy differences 
as a function of the CEC load requires a detailed calculation with the density- functional 
theory method (DFT method).   
 
2.5 Adsorption experiments  
Batch experiments were carried out to test the adsorption of PNP and PCP on 
montmorillonite and modified clays. An initial experiment was conducted to determine the 
amount of adsorbent required. From the result, 0.3 g of the prepared adsorbents were 
dispersed in 30 mL of aqueous PNP and PCP solution (100 mg/L for the adsorption, 5 – 250 
mg/L for isotherms study). The mixture was continuously agitated on a shaker for 12 h at 
room temperature. The initial pH of PNP and PCP was close to pH 5 – 6. After shaking, the 
mixture was centrifuged at 3000 rpm for 10 – 15 min and the supernatant was analysed on a 
UV-Vis spectrophotometer (Cary 100) at 317 nm and 279 nm for PNP and PCP, respectively.  
To examine the adsorption kinetics, 0.3 g of the adsorbents were added to 30 mL of 100 
mg/L aqueous phenolic solution. The mixture was agitated for 10, 20, 30, 40, 50, 60, 70, 80 
and 120 min and adsorption isotherms were performed at 23 and 35 ºC, respectively. 
Similarly, the pH of the PNP and PCP solutions was adjusted from 2 to 9 or 10 by dropping 
either diluted HCl or NaOH (0.1M). The wavelength of the maximal absorption (λmax) for 
PNP solution (pH>7) was shifted to higher wavelength at 425 – 427 nm. When PCP solution 
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was prepared over pH 7, the peak maximum (λmax) shifted to 297 – 299 nm. The quantity of 
the adsorbed PNP and PCP was calculated using the following equation [30]. 
1000
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 where, qe is the amount of solute adsorbed on the adsorbent (mg/g), Ci is the initial 
concentration of the solute (mg/L), Ce is the equilibrium concentration of the solute (mg/L), V 
is the volume (mL), and M is the mass of the adsorbent (g). 
 
3. Results and discussion  
 
3.1 Characterisation of organoclays  
 
3.1.1 XRD 
The XRD data of pure montmorillonite and organoclays prepared at different surfactant 
loadings were described in the paper published by Park et al. [29] and summarised in Table 1. 
To summarise, the sodium exchanged montmorillonite has a d-spacing of 12.5 Ǻ which 
expanded when the ions were exchanged with surfactant. Upon increasing the surfactant 
loading, the interlayer spacing of organoclays gradually increased. The change in structural 
configuration of the molecules is assigned based on the observed interlayer spacing of MMT 
and organoclays. There is a lateral monolayer arrangement in 0.25 CEC and 0.5 CEC. The 
basal spacing at 18.2 Ǻ with a shoulder of 22.0 Ǻ indicates a lateral bilayer arrangement and 
the d spacing of 22.0 Ǻ at 2.0 CEC suggests a pseudotrimolecular layer arrangement.  
Table 1 Structural parameters of MMT and organoclays 
Sample ID d001, nm [29] SBET, m2∙g-1 VP,a cm3∙g-1 Mean D, nm 
BETb BJHc 
Montmorillonite 1.25 42.71 0.08956 8.364 7.637 
0.25 CEC-HDTMA 1.40 19.69 0.07869 15.96 5.777 
0.5 CEC-HDTMA 1.44 14.47 0.06623 18.29 5.717 
1.0 CEC-HDTMA 2.20, 1.82 7.99 0.05281 26.43 7.657 
1.5 CEC-HDTMA 2.20, 1.80 1.98 0.01753 35.39 11.05 
2.0 CEC-HDTMA 2.20 0.31 0.003426 44.13 15.53 
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a BJH desorption cumulative pore volume of pores between 1.7 and 300 nm in diameter. b 
Adsorption average pore diameter (4V/A by BET). c Barrett-Joyner-Halenda (BJH) desorption 
average pore diameter (4V/A). 
 
3.1.2 Surface area measurement  
The structural parameters of MMT and organoclays including specific surface area (SBET), 
pore volume (VP), as well as average adsorption and desorption pore diameter values are 
summarised in Table 1. Figure 1 presents the nitrogen adsorption-desorption isotherms of 
MMT and the organoclays and it indicates that it conforms to a Type II in the Brunauer, 
Deming, Deming and Teller (BDDT) classification [31].  The large uptake of nitrogen was 
observed when it was close to saturation pressure and the apparent adsorption step with a 
sharp decline desorption branch exhibits multilayer adsorption and implies the presence of 
mesopores [32-34].  This is in a good agreement with pore diameter calculated from the 
Barrett-Joyner-Halenda (BJH) desorption isotherm as shown in Table 1. According to Gregg 
and Sing [35], the hysteresis loops of isotherms for these materials followed H5 in the 
IUPAC classification and described as “ink-bottle” like pores in the clays.  
                    
Figure 1. Nitrogen adsorption-desorption isotherms of montmorillonite and 
organoclays                    
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The BET surface area and pore volume calculated for MMT and the organoclays in Table 1 
shows that they decreased gradually in the order: MMT>> 0.25 CEC-HDTMA>0.5 CEC-
HDTMA>1.0 CEC-HDTMA>1.5 CEC-HDTMA>2.0 CEC-HDTMA. This can be explained 
by the observations that the packing density of organoclays increases with increasing 
surfactant loading in clays and the arrangement of surfactant molecules changes from being 
parallel to silicate surface within interlayer space to surfactant chains which are at angles to 
the silicate surface. Organoclays prepared at higher surfactant loadings have more sorption 
sites in the interlayer space and lead to increase in adsorption and desorption pore diameter 
and decrease in both surface area and pore volume, accordingly. These kinds of pores are like 
“house of cards” structure [36]. Using these two results, two different groups can be created. 
Group I includes organoclays prepared at low surfactant loading (e.g. 0.25 CEC-HDTMA, 
0.5 CEC-HDTMA and 1.0 CEC-HDTMA), while Group II has organoclays prepared over 1.0 
CEC (e.g. 1.5 CEC-HDTMA and 2.0 CEC-HDTMA). These two groups are well-resolved by 
the XRD patterns obtained from XRD. From this result, it appears that the loaded surfactant 
plays an important role in the distribution of the structure of organoclays which further 
determines the sorption mechanisms.   
 
3.1.3 FT-IR 
Understanding the molecular environment of intercalated surfactant within organoclays is 
important and we have used infrared spectroscopy to investigate this. There are several 
distinguishing regions: (i) OH stretching region (3700 – 3000 cm-1), (ii) CH stretching region 
(2900  – 2800 cm-1), (iii) HOH bending vibration region (1700– 1600 cm-1) and HCH 
bending vibration region (1520 – 1400 cm-1).    
 
(i) OH stretching region  
The infrared spectrum of the OH stretching region is characterised by two main bands in the 
3700 – 3000 cm-1 range and is shown in Figure 2. There are two different OH stretching 
vibrations in this region. A sharp intense peak at 3631 cm-1 for MMT is assigned to OH 
stretching vibrations for the structural hydroxyl group, whereas the broad bands at 3402, 
3330 and 3239 cm-1  are ascribed to hydrogen bonded water molecules adsorbed within the 
interlayer of the clay. The broad bands between 3500 – 3200 cm-1 were relatively dependent 
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on the concentration of surfactant while the sharp hydroxyl band was relatively steady. At the 
low surfactant loading of 0.25 CEC-HDTMA, the broad adsorption band was near 3365 cm-1 
with shoulders at 3440 and 3247 cm-1. As the surfactant loading reaches 1.0 CEC, the broad 
band shifted slightly to 3360 cm-1 and further increased to 3383 cm-1 when the surfactant 
loading was 2.0 CEC. The change in wavenumber is closely related to the environment of the 
water. This indicates that water molecules in MMT are gradually displaced with the loaded 
surfactant in the interlayer space and the amount of water decreases. Hence, the internal 
surface of clays becomes more hydrophobic.  
 
 
Figure 2. Infrared spectra of MMT and organoclays in 3900 –3000 cm-1 spectra 
range 
 
            
(ii) CH stretching region 
The spectra of the CH stretching region for MMT and organoclays at different surfactant 
loadings are shown in Figure 3. Compared to MMT, the bands between 2700 and 2900 cm-1 
are attributed to CH stretching vibrations from the surfactant molecules and there are 
antisymmetric νas(CH2) and symmetric νs(CH2) stretching modes observed for organoclays 
modified with HDTMA. Both antisymmetric and symmetric CH stretching modes of amine 
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chains were shifted towards lower wavenumbers as the surfactant loadings increased. This 
shows the conformational differences among the organoclays intercalated with HDTMA at 
the various CEC concentrations. In particular, the CH antisymmetric modes were 
significantly shifted to lower wavenumbers (from 2927 to 2918 cm-1) upon increasing 
surfactant loadings. It is suggested that these CH stretching peaks are relatively sensitive to 
conformational changes in the chain within the interlayer and their wavenumbers decrease as 
the loading of surfactant increases from 0.25 CEC to 2.0 CEC. Similar results have been 
reported previously by Xi et al. [37]. Thus, the sensitive CH stretching bands can be 
qualitatively used to monitor the conformational changes of the chain. A significant 
wavenumber shift also indicates that more gauche conformational molecules are introduced 
with reduction of the alkyl chain length. The conformation of the adsorbed long alkyl 
surfactant progressively form solid-like molecular environment with high packing density 
and ordered surfactant packing, which can be characterised by XRD.  
 
Figure 3. Infrared spectra of MMT and organoclays in 2900 – 2800 cm-1 spectra range 
 
(iii) HOH and HCH bending vibration regions 
The HOH bending region of the adsorbed water molecules is observed in the 1700 – 1600 
cm-1 range (Figure 4a). The Figure shows the changes of the adsorption band related to HOH 
bending vibrations on MMT and organoclays. The water bending modes shifted to higher 
wavenumbers from 1629 (with a shoulder of 1649 cm-1) to 1645 cm-1 with the increase of 
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surfactant loading up to 2.0 CEC. The intensity of the peak was gradually decreased and this 
corresponds to the decreased amount of hydrogen bonded water molecules. This effect is due 
to the replacement of water by the surfactant molecules within the interlayer space of clay 
and with the intercalation of surfactants, the surface property of MMT tends to convert from 
hydrophilic to hydrophobic.  
The infrared spectra of HCH bending for MMT and organoclays are shown in Figure 4b. 
Major peaks in this region are due to the methylene scissoring modes and the HCH 
deformation of HDTMA intercalated into MMT. The infrared spectrum of MMT was 
different from those of the organoclays. The bands at 1506, 1480, 1451 and 1420 cm-1 were 
observed for MMT but the two bands at 1506 and 1420 cm-1 were no longer observed in the 
organoclays intercalated with HDTMA. The three small peaks at 1488, 1474 and 1465 cm-1 
shown at 0.25 CEC reflected the increase in surfactant loading.     
   
(a)                                                                  (b)   
 
Figure 4. Infrared spectra of MMT and organoclays in 1720 – 1560 cm-1 spectra 
range (a) and 1560 – 1400 cm-1 spectral range (b) 
 
3.1.4 XPS  
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XPS technique was applied to probe the surface chemical composition of the organoclays, 
and the XPS survey scans are presented in Figure 5. The survey scans showed that the 
chemical compositions of the organoclays are similar to those of the organoclays reported in 
our previous study [33, 38]. Trace amounts of iron and magnesium, located in the structure of 
MMT rather than in the interlayer space, were detected and the observed nitrogen and carbon 
peaks are from the organic surfactant.  
 
 
 
Figure 5. Examples of XPS survey scan spectra (1.0 CEC-HDTMA and 2.0 CEC-
HDTMA) 
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Highly distinct peaks of silicon and carbon were seen and the ratio of C/Si increased with 
increasing surfactant loadings: 1.95 (0.5 CEC-HDTMA) < 2.05 (1.0 CEC-HDTMA) < 2.38 
(1.5 CEC-HDTMA) < 3.35 (2.0 CEC-HDTMA). The binding energy obtained from the high 
resolution XPS supported the changes in the structure. Thus, the reduced binding energy of Si 
2p and Al 2p observed from the high resolution spectra in Figure 6 indicates changes in the 
structures of organoclays intercalated with surfactant molecules. The change in binding 
energy is also shown between C 1s within organoclays (summarised in Table 2)  
 
 
 
 
Figure 6. XPS high resolution spectra of Si 2p and Al 2p for organoclays at 1.0 and 
2.0 CEC 
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Unlike the decreasing binding energy observed in the Si and Al spectra, two peaks of C 1s are 
assigned to C-C and C-N bond at 281 and 283 eV, respectively. It is evident from the 
summarised binding energy of C 1s in Table 2 that the binding energy of C-C bond gradually 
increased upon increasing the surfactant loading while that of C-N bond was independent of 
the surfactant loading. Although changes in surfactant arrangement and packing density 
within organoclays occurred as a result of increased surfactant loadings, the bonding between 
the nitrogen group of the surfactant and the negatively charged clay surface is relatively 
sustained. A molecular mechanical model of the structural change within the organoclays was 
obtained to support the conformational changes in surfactant molecules within organoclays 
determined by XPS techniques.  
Table 2. Binding energy and atomic contents of C 1s for the organoclays 
Sample  C 1s bond Binding energy (eV) Atomic contents (%) 
0.5 CEC-HDTMA C-C bond 281.14 79.60 
C-N bond  283.10 20.40 
1.0 CEC-HDTMA C-C bond 281.18 81.94 
C-N bond  283.05 18.06 
1.5 CEC-HDTMA C-C bond 281.21 82.52 
C-N bond  283.17 17.48 
2.0 CEC-HDTMA C-C bond 281.49 81.38 
C-N bond  283.10 18.62 
 
3.2 Molecular mechanical modelling  
The conformational change in the surfactants was examined using molecular mechanical 
calculations. The energy profile of the organoclay compounds is presented in Figure 7. The 
basal spacing increased with the cation exchange capacity (CEC) and the forces holding the 
complex together showed a local minimum (inflection point) at basal spacing over 17 – 18 Ǻ. 
With a basal spacing of 21 – 22 Ǻ for the TOT-HDTMA-TOT complex the TOT-TOT layers 
still influenced each other. However, when the basal spacing was further expanded above this 
point, the TOT layers were hardly able to detect each other due to the increased distance. 
Thus, only the interactions of the TOT-HDTMA system can be investigated in this study. 
From the energy profiles shown, there are two possibilities to delaminate the MMT into 
single TOT layers: (i) at CEC = 1.0, the HDTMA cation is changed to another cation which is 
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big enough to increase the basal spacing to at least 21 Ǻ rather than being washed out with a 
polyelectrolyte; (ii) the amount of HDTMA is increased to CEC ≈ 2.0 in the interlamellar 
space and then washed out with a polyelectrolyte. 
 
Figure 7. Energy profile of MMT-HDTMA complexes as a function of basal spacing 
The arrangement of surfactant in the interlayer space of MMT was also investigated (see 
Figure 8). As shown in Figure 8, the HDTMA cation was present as a monolayer with a head-
to-tail position up to CEC ≅ 0.5 (14 – 15 Ǻ of basal spacing). Upon increasing the surfactant 
loading, the reagent took up an alternating-type of pattern. When CEC reached 1.0, the basal 
spacing of the reagent increased continuously and a double-layer pattern was reached 
between 16 to 18 Ǻ.  The final position of the reagent was determined by the constant 
negative charge of the TOT layer surface and the highly polarized nature of the rod-like 
molecule. As the CEC value increased, the corresponding increase in the basal distance and 
the space available allows alternating positions for the reagent. Thus, the initial 180º angle 
corresponding to the head-to-tail-to- head pattern gradually decreased to a value where the 
attracting and repulsive forces between the HDTMA molecules are in equilibrium. The 
computational model shows that the energy levels of the basal distances and the 
corresponding geometry of the surfactant at minimum or local minimum are well 
approximated. It also showed that the basal distance where the TOT layers are no longer in 
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interaction can also be determined.  In addition, the study indicates that the arrangement of 
surfactant is significantly influenced by the surfactant loading. The proposed conformational 
change of surfactant molecules enhance the visual understanding of the results obtained from 
characterisation methods such as the XRD and surface analysis of the organoclays.   
 
Figure 8. The geometry of HDTMA in the interlayer space 
 
3.3  Adsorption experiments 
 
3.3.1 Effect of surfactant loading  
Based on the characteristics of MMT and the modified clays, the adsorption capacity of the 
organoclays was investigated for the uptakes of PNP and PCP from aqueous solutions. After 
12 hr agitation time, the maximum percentages of adsorbed PNP and PCP by the organoclays 
is presented in Figure 9. 
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Figure 9. Percentage of PNP and PCP removed by the organoclays  
 
It was found that the amount of phenolic compounds removed by the unmodified MMT is 
negligible (not shown in Fig.9). This suggests that the modified clays are better adsorbents 
for the removal of PNP and PCP from water. When the surfactant molecules were increased, 
the amount of adsorbed PNP and PCP also gradually increased. The obtained results are in 
good agreement with the molecular calculation model; the larger interlayer space within 
organoclays provides a higher potential for the uptake of more phenol pollutants. In particular, 
at 1.5 CEC the organoclays removed 98.2 % of PNP and 86 % of PCP, respectively (100 
mgL-1, 23 ºC). The adsorbed amount of PCP and PNP is similar as the surfactant loading 
increases up to 2.0 CEC. It can be concluded from the current study that the adsorption 
capacity of the organoclays is close to 100 % for PNP and the organoclays are more efficient 
in adsorbing PNP than PCP from water. The phase for the uptakes of phenolic compounds is 
critical for an efficient adsorbent in the environment and the kinetic study for the removal of 
the PNP and PCP by the organoclays was conducted.    
 
3.3.2 Kinetic study 
The main objective of this section of the study is to examine the relation between agitation 
time and the amount of adsorbed PNP and PCP on organoclays as described in Figures 10 
and 11. The amount of adsorbed PNP appears to be proportional to the agitation time. The 
18 
 
initial amount of adsorbed PNP increased rapidly up to 50 min. Later adsorption of PNP 
occurred slowly and the maximum of adsorbed PNP is reached around 60 min. The removal 
of PCP occurred in a similar way. However, the PCP was more rapidly adsorbed within 40 
minutes and slowly reached the maximum amount within 80 min.   
 
     Figure 10. Effect of adsorption time on the removal of PNP by organoclays (100mg/L 
of PNP) 
 
      Figure 11. Effect of adsorption time on the removal of PCP on organoclays 
(100mg/L of PCP) 
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There are several simplified kinetic models such as pseudo-first order equation, pseudo-
second order equation, and intra-particle diffusion model. Of these, the pseudo-first order rate, 
which is expressed by Lagergren [28, 39, 40] is the most widely used for the sorption of 
liquid/solid system based on solid capacity. The rate equation is expressed in the form: 
)( 11 te
t
t qqk
d
dq
−= ,                                                                                                               (1)  
 where, k1 is the rate constant of pseudo-first order adsorption (min-1), qe1 is the amount of 
solute adsorbed at equilibrium (mg/g) and qt is the amount of solute adsorbed at any time t 
(mg/g).  
By integrating this equation for the boundary conditions t = 0 to t = t and qt = 0 to qt = qt. Eq. 
(1) can be expressed as: 
tkqqq ete 11ln)ln( −=− ,                                                                                                   (2) 
 
A pseudo-second order rate expression based on the sorption capacity is proportional to the 
number of active sites occupied on the sorbent and its equation can be written as: 
2
)22 ( te
t
t qqk
d
dq
−=                                                                                                         (3)  
 where, k2 is the rate constant for pseudo-second order adsorption (g/mg·min), qe2 is the 
amount of solute adsorbed at equilibrium (mg/g) and qt is the amount of solute adsorbed at 
any time t (mg/g). By integrating Eq. (3) for the boundary conditions t = 0 to t = t and qt = 0 
to qt = qt, Eq (4) is obtained: 
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The constants can be determined from the linear plot t/qt against t (shown in Figure 12).  
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 (a) 
 
 (b) 
 
Figure 12. Test of the pseudo-second equation for the sorption of PNP (a) and PCP (b) 
 
The model of intra-particle diffusion was suggested by Weber and Morris [41]. This model is 
frequently used to describe the rate determining step of the sorption process occurring on 
porous adsorbents which is theoretically calculated using the equation shown below.  
tKq difft =                                                                                                                       (5) 
where Kdiff  is the rate constant for intra-particle diffusion  (mg/g·min1/2). 
The rate constant Kdiff can be calculated from the plots of qt versus t1/2 and Weber and Morris 
found that the uptake of the solute is proportional to t1/2 rather than t. Due to the limitation of 
pseudo-first and -second order models to provide the diffusion mechanism, this model was 
applied in this study. If the plot is linear, then intra-particle diffusion is involved in the 
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adsorption process and it is the controlling step if the line passes through the origin. From 
Figure 13, several steps were observed including an initial curve, linear relationship, and 
lastly, a plateau. According to previous studies [42-44], the initial curve can be assigned to 
the bulk diffusion and the linear process to the intra-particle diffusion. However, none of 
them pass through the origin. Hence, intra-particle diffusion is involved but it is not a 
controlling step during the adsorption processes.  
 (a) 
 
 (b)  
 
Figure 13. Intra-particle diffusion for the adsorption of PNP  (a) and PCP (b) 
 
The parameters of pseudo-first, -second, and intra-particle diffusion model were obtained and 
summarised in Table 3. It is evident from the Table that the rate constants of intra-particle 
diffusion on organoclays were higher for PCP than PNP. The pseudo-second order kinetic 
model fitted better than the pseudo-first order model in this study which is similar to the 
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result reported by Zhou et al. [28]. This model is also well fitted in the previous studies [45]. 
This indicates that organoclays reached equilibrium in the order: 0.5 CEC-HDTMA>1.0 
CEC-HDTMA>1.5 CEC-HDTMA ≈ 2.0 CEC-HDTMA. It also means that organoclays 
prepared at lower surfactant loadings tend to reach equilibrium quicker than those at higher 
surfactant loadings. This is in agreement with the change of pore size obtained from BET (see 
Table 1). The loaded surfactant molecules block the pores and the sizes of pores become 
smaller. Hence, the adsorption of PNP and PCP onto the organoclays slows down. It also 
suggests that this sorption system fits the pseudo-second model based on the assumption that 
the rate-limiting step may be chemical sorption or chemisorptions and the model provides the 
best correlation of the experimental data [39]. Therefore, the chemical reaction in this study 
significantly controls the rate controlling step.  
Table 3 Model parameters for adsorption of the PNP and PCP on the organoclays 
Sample Pseudo-first order  
100 mg/L 
(initial concentration) 
PNP PCP 
k1 
(min-1) 
qe1 
(mg/g) 
R2 k1 
(min-1) 
qe1 
(mg/g) 
R2 
0.5 CEC-HDTMA 0.0159 3.070 0.9368 - - - 
1.0 CEC-HDTMA 0.0214 2.222 0.9303 0.01 5.052 0.8464 
1.5 CEC-HDTMA 0.0177 1.301 0.9295 0.0107 4.002 0.7819 
2.0 CEC-HDTMA 0.0272 1.318 0.9444 0.0136 2.631 0.6491 
 
Sample Pseudo-second order 
100 mg/L 
(initial 
concentration) 
PNP PCP 
k2 
(g/mg·min) 
qe2 
(mg/g) 
R2 k2 
(g/mg·min) 
qe2 
(mg/g) 
R2 
0.5 CEC-HDTMA 0.0142 7.062 0.9966 - - - 
1.0 CEC-HDTMA 0.0248 8.803 0.9998 0.0204 8.5910 0.9963 
1.5 CEC-HDTMA 0.0836 9.804 0.9999 0.0052 12.092 0.9996 
2.0 CEC-HDTMA 0.0488 9.891 1 0.0074 11.655 0.9997 
 
3.3.3 Effect of pH  
Sample Intra-particle diffusion   
100 mg/L 
(initial 
concentration) 
PNP PCP 
kdiff 
(mg/ g min1/2) 
R2 kdiff 
(mg/min1/2g) 
R2 
0.5 CEC-HDTMA 0.325 0.9172 - - 
1.0 CEC-HDTMA 0.271 0.8758 0.336 0.7442 
1.5 CEC-HDTMA 0.084 0.9263 0.477 0.8606 
2.0 CEC-HDTMA 0.160 0.8043 0.421 0.8273 
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Most phenols are present as weak acids in aqueous solutions and the dissociation of the 
solutes and their derivative molecules are strongly dependent on pH. This study investigates 
how the adsorption of phenolic compounds is influenced at varied pH environments and the 
optimum pH condition was determined in the adsorption of the phenolic compounds. The pH 
of the solution ranged from 2 to 9 or 10 and the initial concentration of PNP and PCP solution 
was 100 mg/L. The uptake of PNP and PCP by organoclays at different pH is presented in 
Figures 14 and 15.  
 
          Figure 14. Effect of initial pH on the adsorption of PNP (pHin = 5, Cin = 100 mg/L) 
 
                  
       Figure 15. Effect of initial pH on the adsorption of PCP (pHin = 5, Cin = 100 mg/L) 
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It is observed from the Figures that the PNP adsorption on organoclays increased when the 
value of pH increased from 2 to 3. The maximum adsorption was maintained until the pH of 
5 is reached. However, it is recognised that the adsorption of PNP decreased significantly 
when pH value rose beyond 6. On the other hand, the decrease in the uptake of PCP occurred 
when the pH value is greater than 8. These changes in adsorption can be explained by the 
surface charge of clays and dissociation behaviour of the phenolic compounds [30]. In the 
structure of the MMT, Si-O bond (in the tetrahedral sheets) on the external surface of clay is 
weaker and becomes SiO- and further converts to Si-OH by accepting protons or hydroxyls. 
The change of surface charge is caused by the presence of surface hydroxyl group such as 
SiOH, which is subject to protonation or deprotonation, depending on the pH variation.  
As the pH of the solution increases, the surface functional groups are partially or fully 
deprotonated. Therefore, loss of positive charge on the surface and increase of negative 
charge occurred. Both phenolic compounds are weak acids with dissociation constant (pKa) 
of 7.15 and 9.18, respectively [46]. They exist in their neutral forms at low pH or pH < pKa 
and prevail anionic species when the solution pH > pKa. This indicates that decreasing pH 
increase the sorption capacity of the organoclays due to the formation of PNP and PCP, 
which have great affinities for the interlayer organic phase of the organoclays. In addition, the 
neutral PNP and PCP compounds are more adsorbed onto organoclays than the anionic, 
because the organic phase act as an efficient partition medium for the uptake of neutral PNP 
and PCP at low pH levels or acidic conditions [47]. Thus, higher sorption of phenolic 
compounds was measured on 1.5 and 2.0 CEC organoclays compared to the 0.5 and 1.0 CEC 
ones, most likely due to the better partition medium provided by the high basal spacing. For 
the alkaline solutions, the increased negative charge on the clay surface and anionic species 
of PNP and PCP electrostatically repel each other, leading to decrease in adsorption. It is 
interesting to notice that organoclays prepared at 2.0 CEC adsorbed larger amounts of the 
phenolic compounds compared with the other organoclays over the entire pH range studied. 
The produced result followed  a similar trend with the previous studies by Sarkar et al. [30] 
Kim et al. [48] and Gupta et al. [49, 50]. In the paper by Zhou el al. [28],  a different 
adsorption pattern was observed for PNP and the variation in the results for the two studies 
may be due to the different experimental environments and conditions used.     
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3.3.4 Mechanism of adsorption of the phenolic compounds onto organoclays 
3.3.4.1 Adsorption model theory  
It is necessary to understand the adsorption isotherm for the mechanism of adsorption system 
in the study. Certain parameters obtained from the equilibrium equation indicate the surface 
properties of the sorbent and its adsorption capacity, leading to the prediction of the 
maximum equilibrium adsorption. It is possible to apply several adsorption isotherm models 
and Langmuir and Freundlich adsorption models are widely used in many studies [8, 51, 52]. 
In this present study, Langmuir and Freundlich adsorption isotherms were applied to 
investigate the sorption mechanisms of phenolic compounds.  
(i) Langmuir isotherm  
The theory of Langmuir isotherm was proposed by Langmuir [53] and it described the 
relation between the adsorption of adsorbate and the surface of the adsorbent. The adsorbate 
is strongly attracted to the surface and it is assumed that a monolayer adsorption is involved. 
The surface has specific homogenous sites and all the vacant sites are equally sized and 
shaped. Once adsorption takes place at specific sites within the adsorbent and no further 
adsorption occurs at the specific sites. Hence, the adsorption to the surface is strongly related 
to the driving force and surface area. The Langmuir model can be expressed as equation in 
the form: 
eL
eL
e Cb
CK
M
xq
+
==
1
                                                                                                           (6) 
 where, qe is the amount of adsorbate adsorbed at equilibrium (mg/g), x is the equilibrium 
concentration of the adsorbate in solid phase (mg/L), M is mass of adsorbent in the free 
volume (mg/L), KL is Langmuir constant related to saturated monolayer (L/mg), bL is 
Langmuir isotherm constant related to energy or net enthalpy, Ce is the equilibrium 
concentration of the adsorbate remaining in solution (mg/L). Equation (6) can be rewritten in 
the linear form:  
m
e
Lme
e
q
C
Kqq
C
+=
)(
1                                                                                                            (7) 
 where, qm is the maximum adsorption capacity of the adsorbate (mg/g).   
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A linear plot of Ce/qe versus Ce is obtained and the constants qm and KL can be calculated. To 
predict the favourable or unfavourable adsorption process, a dimension constant, RL is also 
calculated by the following equation [54].   
01
1
CK
R
L
L +
=                                                                                                                    (8) 
 where, KL is the Langmuir constant and C0 is the initial liquid phase concentration (mg/L). 
The adsorption process is considered as unfavourable (when RL > 1), linear (when RL = 1), 
favourable (when 0 < RL <1), and irreversible (when RL = 0).  
(ii) Freundlich isotherm  
Freundlich suggested an empirical expression to describe the adsorption theory [55]. The 
model is based on the assumption that the adsorbent surface is heterogeneous and consists of 
different classes of adsorption sites. The adsorption takes place at the heterogeneous surfaces 
or surfaces supporting sites of varied affinities [56]. This model is only capable of predicting 
the infinite surface coverage which involves the multilayer adsorption of the surface [57]. 
The Freundlich isotherm is shown below: 
n
eFe CKq
/1=                                                                                                                    (9) 
  where, qe is the amount of adsorbed solute, KF is Freundlich constant related to the 
adsorption capacity (L/mg), n is Freundlich constant related to the adsorption intensity of the 
adsorbent, and Ce is the concentration of solute in the solution at equilibrium (mg/L).  
The linear form of the Freundlich isotherm can be represented as equation (10): 
eFe Cn
Kq ln1lnln +=                                                                                                     (10) 
The Freundlich constants KF and n can be determined from a linear plot of ln(qe) versus 
ln(Ce). When the value of n is higher than 1 (n >1), the adsorption process is favourable at 
over the entire range of concentration and multilayer sorption is formed on the surface of the 
adsorbent. The adsorption process is more favourable at high concentrations than at low 
concentrations when the value of n is less than 1 (n < 1).  
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3.3.4.2 Adsorption of the phenolic compounds  
Based on the above models, the mechanisms for the uptake of PNP and PCP on the 
organoclays are modelled. The equilibrium parameters were determined and summarised in 
Table 4.  
Table 4 Langmuir and Freundlich isotherm constant and values of parameters for 
adsorption of PNP and PCP on the organoclays at 23 ºC and 35 ºC 
 Sample p-nitrophenol  
 Langmuir equation qm (mgg-1) KL (Lmg-1) R2 RL 
 
23 ºC 
0.5 CEC-HDTMA 46.083 0.00886 0.9167 0.31095 
1.0 CEC-HDTMA 33.670 0.03364 0.9966 0.10627 
1.5 CEC-HDTMA 22.124 0.33506 0.9924 0.01180 
2.0 CEC-HDTMA 25.445 0.34717 0.9724 0.01139 
 
35 ºC 
0.5 CEC-HDTMA 27.473 0.01349 0.696 0.22864 
1.0 CEC-HDTMA 23.202 0.04359 0.9983 0.08405 
1.5 CEC-HDTMA 34.247 0.15036 0.9118 0.02591 
2.0 CEC-HDTMA 40.323 0.11514 0.8919 0.03358 
 
 Sample p-chlorophenol  
 Langmuir equation qm (mgg-1) KL (Lmg-1) R2 RL 
 
23 ºC 
0.5 CEC-HDTMA 1.9231 0.006498 0.311 0.3810 
1.0 CEC-HDTMA 3.7161 0.013775 0.9053 0.2250 
1.5 CEC-HDTMA 5.0556 0.023958 0.9244 0.1431 
2.0 CEC-HDTMA 7.0922 0.02189 0.968 0.1545 
 
35 ºC 
0.5 CEC-HDTMA 0.7576 0.010864 0.5076 0.3153 
1.0 CEC-HDTMA 5.9701 0.019279 0.7619 0.2060 
1.5 CEC-HDTMA 3.5211 0.010756 0.3910 0.3175 
2.0 CEC-HDTMA 1.3263 0.017843 0.9134 0.2190 
 Sample p-nitrophenol  
 Freundlich equation KF (Lmg-1) n R2 
 
23 ºC 
0.5 CEC-HDTMA 1.5680 1.2660 0.9926 
1.0 CEC-HDTMA 1.9387 1.8755 0.9673 
1.5 CEC-HDTMA 10.006 3.1556 0.9044 
2.0 CEC-HDTMA 11.972 4.6555 0.8535 
 
35 ºC 
0.5 CEC-HDTMA 1.3178 1.4839 0.9478 
1.0 CEC-HDTMA 1.8190 1.5436 0.9946 
1.5 CEC-HDTMA 4.8734 1.5743 0.8623 
2.0 CEC-HDTMA 4.4402 1.4188 0.9163 
 Sample p-chlorophenol 
 Freundlich equation KF (Lmg-1) n R2 
 
23 ºC 
0.5 CEC-HDTMA 0.0000248 0.3549 0.9990 
1.0 CEC-HDTMA 0.0249396 0.6751 0.9856 
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As shown in the Tables, R2 values obtained for Freundlich isotherm model are generally 
higher than those obtained by the Langmuir model. Therefore, the equilibrium data for both 
PNP and PCP were better fitted into the Freundlich isotherm model than the Langmuir model. 
This suggests that the adsorption process of these phenolic compounds onto organoclays is 
controlled by several mechanisms. The Freundlich parameters n and KF provide substantial 
information to measure the strength of adsorption for phenolic compounds and the values are 
listed in Table 4. The Freundlich affinity index, n values, measures the adsorption strength of 
the phenolic compounds and the values for PNP were larger than those for PCP. The value of 
n (n > 1) obtained for PNP indicates the adsorption of PNP is favourable over the entire range 
of concentrations used in this current study. On the other hand, the adsorption system is better 
at higher concentrations of PCP solutes based on the lower value of n (n < 1).  
The value of the binding affinity constant, KF, becomes larger as the surfactant loading 
increases. This shows that the adsorption capacity of organoclays intercalated at higher 
surfactant loadings are better for the uptakes of the phenolic compounds. Several mechanisms 
of adsorption have been postulated such as electrostatic interaction, donor-acceptor complex 
formation, hydrophobic interaction and hydrogen bonding. The loaded surfactants with CEC 
less than 1.0 tend to enter the interlayer space of the clays and the formed organic micelles 
contribute an organic medium for the interaction of the phenolic compounds. At the same 
time, adsorption occurs through electrostatic interaction between phenolic anions and 
intercalated surfactant cations. Once the surfactants exceed 1.0 CEC (1.5 and 2.0 CEC-
HDTMA), the interlayer space of clays is filled by loaded surfactants which form a partition 
medium that results in the strong adsorption affinity to organic pollutants via hydrophobic 
interaction. Hence, the adsorption system of these phenolic compounds onto organoclays is 
likely to involve multilayer sorption mainly partitioning process rather than surface 
interaction. The organoclays have a greater capacity for the adsorption of PNP rather than 
PCP in the aqueous solution. This may be due to the stronger hydrophobicity of PNP over 
PCP. A similar result was also reported by Akcay and akcay [46]. In the adsorption process 
1.5 CEC-HDTMA 0.0654152 0.6391 0.8312 
2.0 CEC-HDTMA 0.1457883 0.7371 0.9756 
 
35 ºC 
0.5 CEC-HDTMA 0.0000025 0.3164 0.9905 
1.0 CEC-HDTMA 0.0188263 0.6198 0.9825 
1.5 CEC-HDTMA 0.0557042 0.6240 0.8583 
2.0 CEC-HDTMA 0.0487086 0.4030 0.9756 
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of PNP, the formation of donor-acceptor complex is involved so that the modified clays, 
including metal cations create Lewis acid sites which are coordinated with the phenolic 
compounds that act as Lewis bases in the aqueous solution. Due to the high affinity of PNP 
for organoclays, higher sorption energy is expected for PNP than for PCP and the relatively 
decreased KF values with increased temperature from 23 ºC to 35 ºC are responsible for the 
exothermic reaction observed during this adsorption process.  
   
4. Conclusions  
In this study, montmorillonite was converted to hydrophobic organoclays by intercalation 
with cationic surfactants in order to improve its adsorption capacity for organic pollutants. 
The synthesised organoclays were characterised using various techniques. As the surfactant 
loading increases, structural changes of HDTMA molecules occur, leading to expanded basal 
spacings. The conformational changes of the surfactant molecules within the interlayer space 
were confirmed by computational molecular models. The characterised organoclays were 
tested for their abilities to remove PNP and PCP from aqueous solutions and the experiments 
showed that the organoclays are more effective in removing PNP than PCP. In particular, the 
organoclays intercalated with higher surfactant loadings afford better uptakes of the phenolic 
compounds. However, as the loaded surfactant blocks the pores of the clays, the process of 
reaching the equilibrium is slowed down. The process was best explained by involving 
pseudo-second order model and intra-particle diffusion, which was not the controlling step. 
For the adsorption of phenolic compounds by organoclays, Freundlich isotherm gave the best 
fit and this indicated that the adsorption system is likely to involve multilayer sorption. It is 
noted the loaded surfactant molecules in the interlayer space act as a partition phase to 
strongly attract to the organic pollutants via hydrophobic interaction. Therefore, the prepared 
organoclays are more efficient adsorbents for the removal of PNP than of PCP due to 
differences in their hydrophobicity properties as reflected by the strong adsorption 
mechanism of partitioning affinities observed in this study. This study demonstrated the 
adsorption of the phenolic compounds onto organoclays, thus promoting the potential utility 
of the organoclays as adsorbents for environmental pollutants.   
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Table 2 Structural parameters of MMT and organoclays 
Sample ID d001, nm [29] SBET, m2∙g-1 VP,a cm3∙g-1 Mean D, nm 
BETb BJHc 
Montmorillonite 1.25 42.71 0.08956 8.364 7.637 
0.25 CEC-HDTMA 1.40 19.69 0.07869 15.96 5.777 
0.5 CEC-HDTMA 1.44 14.47 0.06623 18.29 5.717 
1.0 CEC-HDTMA 2.20, 1.82 7.99 0.05281 26.43 7.657 
1.5 CEC-HDTMA 2.20, 1.80 1.98 0.01753 35.39 11.05 
2.0 CEC-HDTMA 2.20 0.31 0.003426 44.13 15.53 
a BJH desorption cumulative pore volume of pores between 1.7 and 300 nm in diameter. b 
Adsorption average pore diameter (4V/A by BET). c Barrett-Joyner-Halenda (BJH) desorption 
average pore diameter (4V/A). 
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Table 2. Binding energy and atomic contents of C 1s for the organoclays 
Sample  C 1s bond Binding energy (eV) Atomic contents (%) 
0.5 CEC-HDTMA C-C bond 281.14 79.60 
C-N bond  283.10 20.40 
1.0 CEC-HDTMA C-C bond 281.18 81.94 
C-N bond  283.05 18.06 
1.5 CEC-HDTMA C-C bond 281.21 82.52 
C-N bond  283.17 17.48 
2.0 CEC-HDTMA C-C bond 281.49 81.38 
C-N bond  283.10 18.62 
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Table 3 Model parameters for adsorption of the PNP and PCP on the organoclays 
Sample Pseudo-first order  
100 mg/L 
(initial concentration) 
PNP PCP 
k1 
(min-1) 
qe1 
(mg/g) 
R2 k1 
(min-1) 
qe1 
(mg/g) 
R2 
0.5 CEC-HDTMA 0.0159 3.070 0.9368 - - - 
1.0 CEC-HDTMA 0.0214 2.222 0.9303 0.01 5.052 0.8464 
1.5 CEC-HDTMA 0.0177 1.301 0.9295 0.0107 4.002 0.7819 
2.0 CEC-HDTMA 0.0272 1.318 0.9444 0.0136 2.631 0.6491 
 
Sample Pseudo-second order 
100 mg/L 
(initial 
concentration) 
PNP PCP 
k2 
(g/mg·min) 
qe2 
(mg/g) 
R2 k2 
(g/mg·min) 
qe2 
(mg/g) 
R2 
0.5 CEC-HDTMA 0.0142 7.062 0.9966 - - - 
1.0 CEC-HDTMA 0.0248 8.803 0.9998 0.0204 8.5910 0.9963 
1.5 CEC-HDTMA 0.0836 9.804 0.9999 0.0052 12.092 0.9996 
2.0 CEC-HDTMA 0.0488 9.891 1 0.0074 11.655 0.9997 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Intra-particle diffusion   
100 mg/L 
(initial 
concentration) 
PNP PCP 
kdiff 
(mg/ g min1/2) 
R2 kdiff 
(mg/min1/2g) 
R2 
0.5 CEC-HDTMA 0.325 0.9172 - - 
1.0 CEC-HDTMA 0.271 0.8758 0.336 0.7442 
1.5 CEC-HDTMA 0.084 0.9263 0.477 0.8606 
2.0 CEC-HDTMA 0.160 0.8043 0.421 0.8273 
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Table 4 Langmuir and Freundlich isotherm constant and values of parameters for 
adsorption of PNP and PCP on the organoclays at 23 ºC and 35 ºC 
 Sample p-nitrophenol  
 Langmuir equation qm (mgg-1) KL (Lmg-1) R2 RL 
 
23 ºC 
0.5 CEC-HDTMA 46.083 0.00886 0.9167 0.31095 
1.0 CEC-HDTMA 33.670 0.03364 0.9966 0.10627 
1.5 CEC-HDTMA 22.124 0.33506 0.9924 0.01180 
2.0 CEC-HDTMA 25.445 0.34717 0.9724 0.01139 
 
35 ºC 
0.5 CEC-HDTMA 27.473 0.01349 0.696 0.22864 
1.0 CEC-HDTMA 23.202 0.04359 0.9983 0.08405 
1.5 CEC-HDTMA 34.247 0.15036 0.9118 0.02591 
2.0 CEC-HDTMA 40.323 0.11514 0.8919 0.03358 
 
 Sample p-chlorophenol  
 Langmuir equation qm (mgg-1) KL (Lmg-1) R2 RL 
 
23 ºC 
0.5 CEC-HDTMA 1.9231 0.006498 0.311 0.3810 
1.0 CEC-HDTMA 3.7161 0.013775 0.9053 0.2250 
1.5 CEC-HDTMA 5.0556 0.023958 0.9244 0.1431 
2.0 CEC-HDTMA 7.0922 0.02189 0.968 0.1545 
 
35 ºC 
0.5 CEC-HDTMA 0.7576 0.010864 0.5076 0.3153 
1.0 CEC-HDTMA 5.9701 0.019279 0.7619 0.2060 
1.5 CEC-HDTMA 3.5211 0.010756 0.3910 0.3175 
2.0 CEC-HDTMA 1.3263 0.017843 0.9134 0.2190 
 
 Sample p-chlorophenol 
 Freundlich equation KF (Lmg-1) n R2 
 
23 ºC 
0.5 CEC-HDTMA 0.0000248 0.3549 0.9990 
1.0 CEC-HDTMA 0.0249396 0.6751 0.9856 
1.5 CEC-HDTMA 0.0654152 0.6391 0.8312 
2.0 CEC-HDTMA 0.1457883 0.7371 0.9756 
 
35 ºC 
0.5 CEC-HDTMA 0.0000025 0.3164 0.9905 
1.0 CEC-HDTMA 0.0188263 0.6198 0.9825 
1.5 CEC-HDTMA 0.0557042 0.6240 0.8583 
2.0 CEC-HDTMA 0.0487086 0.4030 0.9756 
 Sample p-nitrophenol  
 Freundlich equation KF (Lmg-1) n R2 
 
23 ºC 
0.5 CEC-HDTMA 1.5680 1.2660 0.9926 
1.0 CEC-HDTMA 1.9387 1.8755 0.9673 
1.5 CEC-HDTMA 10.006 3.1556 0.9044 
2.0 CEC-HDTMA 11.972 4.6555 0.8535 
 
35 ºC 
0.5 CEC-HDTMA 1.3178 1.4839 0.9478 
1.0 CEC-HDTMA 1.8190 1.5436 0.9946 
1.5 CEC-HDTMA 4.8734 1.5743 0.8623 
2.0 CEC-HDTMA 4.4402 1.4188 0.9163 
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Figure 1. Nitrogen adsorption-desorption isotherms of montmorillonite and 
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Figure 2. Infrared spectra of MMT and organoclays in 3900 –3000 cm-1 spectra 
range 
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Figure 3. Infrared spectra of MMT and organoclays in 2900 – 2800 cm-1 spectra range 
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Figure 4. Infrared spectra of MMT and organoclays in 1720 – 1560 cm-1 spectra 
range (a) and 1560 – 1400 cm-1 spectral range (b) 
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Figure 5. Examples of XPS survey scan spectra (1.0 CEC-HDTMA and 2.0 CEC-
HDTMA) 
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Figure 6. XPS high resolution spectra of Si 2p and Al 2p for organoclays at 1.0 and 
2.0 CEC 
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Figure 7. Energy profile of MMT-HDTMA complexes as a function of basal spacing 
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Figure 8. The geometry of HDTMA in the interlayer space 
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Figure 9. Percentage of PNP and PCP removed by the organoclays  
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     Figure 10. Effect of adsorption time on the removal of PNP by organoclays (100mg/L 
of PNP) 
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      Figure 11. Effect of adsorption time on the removal of PCP on organoclays 
(100mg/L of PCP) 
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Figure 12. Test of the pseudo-second equation for the sorption of PNP (a) and PCP (b) 
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Figure 13. Intra-particle diffusion for the adsorption of PNP  (a) and PCP (b) 
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Figure 14. Effect of initial pH on the adsorption of PNP (pHin = 5, Cin = 
100 mg/L) 
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Figure 15. Effect of initial pH on the adsorption of PCP (pHin = 5, Cin = 
100 mg/L) 
 
 
 
 
 
 
 
 
